. Introduction
is an expansion of a CAG trinucleotide polyglutaminecoding repeat in exon 1 of the huntingtin gene [38] . Huntington's disease (HD) is an autosomal dominantly Normally, 6-34 CAG repeats are present in this locus, inherited neurodegenerative disorder manifested by chorea, while more than 35 are found in patients with HD [17] . personality changes and dementia. Neuronal loss occurs
The mechanism through which mutant huntingtin mediates primarily in the striatum, although at later stages other neurotoxicity is unknown. It has been suggested that the brain regions are also affected [44] . The disease mutation disease mutation results in a misfolding (conformational shift) of huntingtin [40] , which may cause abnormal interactions with other proteins or between mutant huntingtin molecules (for review see: [39] [27] . These mice exhibit some key features of HD, including reduced brain and body weight, 2 .1. Animals neuronal shrinkage and condensation [15, 41] , aggregates / inclusions containing N-terminal huntingtin [11] , and Heterozygous transgenic R6 / 2 males of CBA3C57BL / reduced levels of striatal dopamine receptors [5] and 6 strain were purchased from Jackson Laboratories (Bar dopamine signalling proteins [3] . The role of protein Harbor, Maine, USA) and maintained by back-crossing aggregate inclusions in the pathogenesis of HD is an issue carrier males with CBA3C57BL / 6 F1 females. Transof intensive research (for review see, e.g. Refs. [39, 46] ). genic mice of the CBA3C57BL / 6 strain overexpressing Aggregates of N-terminal mutant huntingtin sequester human inducible Hsp70 under the control of the human proteasomal components [21] , and aggregates of mutant beta-actin promotor [1] were kindly provided by Dr G.N. huntingtin can inhibit the proteasome in cultured nonPagoulatos, University of Ionnina, Greece. To generate neuronal cells and thereby disturb general cellular protein R6 / 2 mice overexpressing Hsp70, heterozygous transgenic turnover [2] . However, in a murine model of another Hsp70 females were mated with heterozygous R6 / 2 males. polyglutamine disease, spinocerebellar ataxia 1 (SCA1) [9] The experimental procedures were approved by the ethical and a cellular model of HD [33] , mutations of ubiquitincommittee at Lund University, the animals were handled ligase, that reduce the formation of aggregates, actually according to the animal protection act of the Swedish increase the toxicity of the mutant proteins. This suggests Government. R6 / 2 and Hsp70 mice were genotyped using that aggregates of polyglutamine-containing proteins can polymerase chain reaction assays as previously described be protective and that inhibition of ubiquitin-proteasome [1, 27] . pathway of protein degradation can be detrimental [9, 33] . Molecular chaperones, including heat shock proteins 2 .2. Immunohistochemistry (Hsp), prevent misfolding and aggregation of newly synthesized mutant proteins and stress-denatured proteins, and Free floatin sections were immunostained for either thereby reduce the burden on the ubiquitin-proteasome N-terminal huntingtin (EM48 antiserum; 1:1000; kindly pathway [16, 23] . Understanding whether and how molecuprovided by Dr Xiao-Jiang Li), Hsp70 (1:200; SPA812; lar chaperones influenc aggregation and toxicity of mutant Stressgene, Gothenburg, Sweden), DARPP-32 (dopaminehuntingtin may help to clarify the role of protein inclusions and cyclic AMP-regulated phosphoprotein with a molecuin the human disease [35] . lar weight of 32 kDa) (1:2000; Calbiochem, San Diego, Molecular chaperones, including heat shock proteins USA) or neuron-specifi enolase (1:500; NeuN, Chemicon, (Hsp) 40 and 70, co-localize with neuronal inclusion in Sweden). Sections stained with the EM48 antibody were several polyglutamine disorders [6, 8, 36, 49] , and mutations firs subjected to an antigen retrieval method as previously in Hsp70 enhance polyglutamine-induced pathogenesis in described [22] . The sections were treated with 3% hydrovivo in Drosophila [14] . In a number of studies using in gen peroxide / 10% methanol / 0.1 M phosphate buffered vitro transfected cell line models of polyglutamine dissaline and then incubated with 10% serum / 0.3% Triton orders, overexpression of Hsp40 and / or Hsp70 reduces the X-100 for 1 h at room temperature, followed by a reaction formation of inclusions and / or the number of dying cells with the primary antibody for 48 h at 4 8C. For light [6, 8, 20, 25, 29] . Similarly expression of the yeast chaperone microscopy, sections were incubated with a biotinylated Hsp104 in C. elegans reduces both toxicity and aggregate secondary antibody (1:200) for 2 h and bound antibody formation due to expression of a protein with an expanded was visualized using the ABC system (Vectastain ABC polyglutamine stretch [32] . Overexpression of Hsp70 in Kit, Vector, Sweden), with 3,39-diaminobenzidine as Drosophila suppresses neurodegeneration, however, withchromogen. For confocal microscopy, sections were incuout affecting the formation of neuronal inclusions [47] .
bated with an Alexa 568-conjugated secondary antibody Similarly, overexpression of Hsp70 in a transgenic model (Molecular Probes, Eugene, USA) and Vectashield (Vector) of SCA1 has been reported to retard development of a was used to reduce photo bleaching. neurological phenotype and to inhibit the development of When comparing the expression of Hsp70 in the brain of neuronal pathology without affecting the formation of the different transgenic mice, all sections were processed neuronal intranuclear aggregates of ataxin-1 [10] . The for immunohistochemistry at the same time. In addition, challenge now is to determine whether the molecular the staining protocol was repeated one time with the same chaperone Hsp70, at overexpression levels that might be results obtained. Confocal pictures were generated using a attainable through therapeutic intervention, can protect Bio-Rad MRC 1024 confocal microscope with the same neurons in vivo in transgenic HD mice, and if the settings (laser power, gain, etc.) for all pictures. aggregation of mutant huntingtin is reduced. We have addressed this question by overexpressing Hsp70 in the 2 .3. Stereology R6 / 2 line of transgenic mice that expresses exon 1 of the HD gene.
The numbers of nuclear inclusions in the striatum, hippocampus or cortex were estimated on blind-coded analyzed using Mann-Whitney U-tests. Data are presented sections by using the unbiased stereology optical fractionaas means6S.D. ter, as previously described [19] . This sampling technique is not affected by tissue volume changes and does not require reference volume determination and is considered 3 . Results to provide the most accurate estimates of cell numbers [7] . Sampling was performed using the CAST-Grid system To generate R6 / 2 mice overexpressing human inducible (Olympus Denmark A / S, Albertslund, Denmark). It is Hsp70, heterozygous transgenic Hsp70 females were composed of an Olympus BX50 microscope, an X-Y mated with heterozygous R6 / 2 males. Around 25% of the motor stage run by a computer, and a microcater offspring consisted of controls, Hsp70 transgenics, R6 / 2 (Heidenhain, ND 281) connected to the stage. The same transgenics and Hsp70-R6 / 2 double transgenics, respecsystem was used to determine the size of the striatum and tively. Importantly, both the R6 / 2 mice and Hsp70 transto investigate the diameter of hippocampal neurons and genics are of the same genetic background (strain: CBA3 striatal DARPP-32 positive neurons. Around 150 neurons C57BL / 6), reducing the risk that other genes than the in each mouse were investigated to obtain a mean value of transgene in the Hsp70 overexpressing mice will affect the the diameter of the striatal and hippocampal neurons in disease phenotype of the R6 / 2 mice overexpressing Hsp70 that mouse.
(Hsp70-R6 / 2 transgenics). Nevertheless, the different types of mice could still carry different combinations of 2 .4. Western blotting CBA3C57BL / 6 allels. The selection of allels is random for most of the genome, however, for the regions around Whole brains were frozen with liquid nitrogen within 60 the two transgenes it is fixed Therefore, allels linked to the s after decapitation and striatum, hippocampus and cortex transgenes may have phenotypic consequences which may were dissected out at 217 8C and stored at 280 8C until then be incorrectly attributed to the transgene (see Ref. analysis. The brain tissue pieces were lysed in Tris-lysis [34] ). buffer (20 mM Tris-HCl (pH 7.7), 250 mM NaCl, 3 mM EDTA, 0.5% NP-40 and 3 mM EGTA) for 30 min at 4 8C. protein was expressed at around 5-15 times higher level in and glyceraldehyde 3-phosphate dehydrogenase were used hippocampus, striatum, cortex ( Fig. 1A ) and in the whole as primary antibodies.
.1. Expression of Hsp70 in the brain of mice of
brain (Fig. 1B) of Hsp70 transgenics and Hsp70-R6 / 2 transgenics than in controls. Immunohistochemistry con-2 .5. Paw clasping firme the high expression of Hsp70 in hippocampus, striatum and cortex in Hsp70 transgenics and Hsp70-R6 / 2 Mice of the R6 / 2 strain exhibit a special paw clasping transgenics ( Fig. 1C-N) . In R6 / 2 and Hsp70-R6 / 2 transphenotype when suspended by the tail [27] . Evaluation of genics some of the Hsp70 protein was localized in the clasping phenotype has previously been used to study inclusions (Fig. 1E,F,I ,J,M,N) and the Hsp70 protein the disease progression in transgenic HD mice expression in the cytoplasm appeared reduced in many of [31, 42, 43, 48] . The mice were suspended by the tail for 180 the neurons with a clear localization of Hsp70 in inclus. The clasping phenotype was rated on a scale from 0 to 2, sions. where 0 represents no clasping behavior; a score of 1 means that the hind paws touch each other for at least 1 s, 3 .2. Similar number and size of nuclear inclusions in and the maximal score of 2 means that hind paws clasp for Hsp70-R6 /2 and R6 /2 mice 5 s or more.
R6 / 2 mice exhibit a widespread formation of nuclear 2 .6. Statistics inclusions containing huntingtin, especially in cortex, striatum and hippocampus [11] . The number of neurons Statistical comparisons of the dependent factors were with huntingtin inclusions in striatum, CA1 area of hipundertaken by one-or two-factor analyses of variance pocampus, dentate gyrus and cortex of 7-week-old R6 / 2 (ANOVA) using the Statview 5.4 package (Abacus Conmice and Hsp70-R6 / 2 mice were evaluated. We found no cepts, Berkley, CA, USA). When the main effect was difference in the number of neurons with huntingtin significant Bonferroni-Dunn's post hoc test was used to inclusions between R6 / 2 mice and Hsp70-R6 / 2 mice (Fig. correct for multiple analyses. Ordinal data (Fig. 6A) were 2A-K). In addition, we found no difference in the size or morphology of the huntingtin inclusions between R6 / 2 and 14 weeks of age and there was no difference between mice and Hsp70-R6 / 2 mice ( Fig. 2A-J,L) .
R6 / 2 and Hsp70-R6 / 2 mice (Fig. 3B ).
.3.
Hsp70 expression delayed the reduction of body 3 .4. Similar neuropathology in striatum of R6 /2 and weight in R6 /2 mice, but had no effect on brain weight R6 /2-Hsp70 mice R6 / 2 mice progressively loose body and brain weight The size of the striatum [18] , and the size of the neurons from around 7 weeks of age [11, 27] . We investigated the in striatum [15] is reduced in R6 HD mice. We found that body weight of the mice at 4, 7, 9, 11 and 13 weeks of age.
the size of striatum and the diameter of medium spiny Both R6 / 2 and Hsp70-R6 / 2 mice had normal body weight projection neurons (DARPP-32 immunopositive) were at 4 weeks of age (data not shown). There was a difference equally decreased in 7-week-old R6 / 2 and Hsp70-R6 / 2 in body weight between R6 / 2 and Hsp70-R6 / 2 at 7 weeks mice (Fig. 4A,B) . In addition, we confirme earlier data of age (P,0.0001, Bonferroni-Dunn's post hoc test), but [3] showing that the dopamine signaling protein DARPPnot at later ages (Fig. 3A) . There was no difference in 32 is downregulated in the striatum of 6-to 8-week-old body weight between control mice and Hsp70 mice R6 / 2 mice. Importantly, the levels of DARPP-32 were (9867% of control). Brain weight was investigated at 7 reduced to the same extent in Hsp70-R6 / 2 mice (Fig. 4C) . 
.5. Effects of Hsp70 on hippocampal alterations
(Hsc70) were used as a loading control.
In the hippocampal CA1 area, we found that neurons in both R6 / 1 and Hsp70-R6 / 2 mice exhibited darkened displayed significantl smaller cell body diameters comcytoplasm in Cresyl Violet stained sections, indicative of pared to wild-type neurons (Fig. 5E) . Importantly, the cellular condensation (Fig. 5A-D) . However, only neurons difference between R6 / 2 and Hsp70-R6 / 2 hippocampal in R6 / 2, but not in Hsp70-R6 / 2 double transgenic mice, neurons was not statistically significan (Fig. 5E ).
.7. Change of intracellular localization of Hsp70 in 11-week-old Hsp70-R6 /2 mice
We found that the cytoplasmic levels of Hsp70 protein in neurons, especially in the hippocampus, were signifi cantly lower in Hsp70-R6 / 2 mice at the age of 11 weeks than in 11-week-old Hsp70 mice (Fig. 7A,B) . This was in contrast to 7-week-old mice which did not display a difference between Hsp70 mice and the double transgenic R6 / 2-Hsp70 mice (Fig. 1) . Presumably this is the result of a redistribution of the Hsp70 protein in the older mice, as in many neurons it appeared to be mainly localized to the nuclear inclusions. The localization of a neuronal marker NeuN was not altered suggesting that the translocation is specifi for Hsp70 possibly as a consequence of it being sequestered into the inclusions (Fig. 7C,D) .
. Discussion
Hsp70 is a molecular chaperone that can prevent misfolding and assist refolding of damaged and mutant proteins. We hypothesized that overexpression of Hsp70 would retard pathogenesis in a transgenic mouse model of polyglutamine disease. We generated Hsp70-R6 / 2 double transgenic mice, which were found to overexpress Hsp70 widely throughout the brain. Initially, at 7 weeks of age, Hsp70 was present throughout the cytoplasm of brain cells in all the regions we examined, although in some neurons the Hsp70 was partially sequestered into nuclear aggregates. In both R6 / 1 and R6 / 2 mice, some heat shock protein family members (e.g. Hdj-2 and Hsc70) have previously been found to redistribute with increasing age, and increasingly co-localize with intranuclear inclusions formed by truncated mutant huntingtin [20] . We found that neuronal inclusions containing huntingtin can recruit several proteins, including heat shock proteins, ubiquitin, proteasome components, p53, cytoskeletal proteins, alphasynuclein, etc. [21, 37, 45] . In striatal neurons of Hsp70-R6 / 3 .6. Clasping phenotype and the survival of R6 /2 mice 2 mice, the apparent level of immunoreactivity for another are not affected by overexpression of Hsp70 protein, neuron specifi enolase, did not change, indicating that nuclear aggregates preferentially attract certain protein HD mice of the R6 / 2 line exhibit a special paw clasping families. phenotype when suspended by the tail [27] . Some of the As a parameter for the behavioral disease phenotype we R6 / 2 and Hsp70-R6 / 2 mice exhibited a clasping phenochose a paw-clasping assay. Abnormal paw-clasping betype at 5 weeks of age and all mice in both groups showed havior has been shown to be related to striatal dysfunction a clasping phenotype at 11 weeks of age (Fig. 6A ). There
[13] and it is considered a relevant indicator of neurowas no difference between R6 / 2 and Hsp70-R6 / 2 mice at pathology in transgenic mice expressing expanded CAG any age (P.0.10, Mann-Whitney U-test). In addition, repeats [27, 31, 42, 43, 48] . Thus, it has been found to there was no difference in the survival of R6 / 2 and develop in several transgenic models of HD [27, 31, 48] , Hsp70-R6 / 2 mice (Fig. 6B) .
respond to treatments in the R6 / 2 transgenic mice [42,43] and is normalized in an inducible transgenic model of HD the selection of cell model, and the outcome parameters after the transgene is turned off [48] . We did not observe a monitored. In addition to the cell culture models, there is significan difference in the development of pathological also ample evidence that heat shock proteins can retard paw clasping behavior between Hsp70-R6 / 2 and R6 / 2 disease progression in animal models of polyglutaminemice.
induced disease. For example, disruption of the chaperone In addition we examined a wide panel of histopathofunctions of heat shock proteins by mutations has been logical changes. Also here, Hsp70 overexpression had found to increase ataxin-1 toxicity in Drosophila melanohardly any effects on the disease phenotype. The only gaster [14] and heat shock protein overexpression mitineuropathological feature significantl mitigated by the gates polyglutamine-induced pathology in Drosophila overexpression of Hsp70 in the R6 / 2 mice was the atrophy [24, 47] . Finally, in a recent study, Hsp70 overexpression of CA1 hippocampal pyramidal neurons. At 7 weeks of was found to delay the development of motor coordination age the mean cell soma diameter of Cresyl Violet stained problems on the rotarod in transgenic mice expressing CA1 neurons was reduced by around 25% in R6 / 2 mice mutant ataxin-1 [10]. Taken together, these studies suggest compared to wild-type, and this atrophy was only half as that overexpression of heat shock proteins can mitigate the severe in R6 / 2 mice overexpressing Hsp70.
development of polyglutamine-mediated neuropathology In summary, our study does not provide strong evidence under certain conditions. However, the mechanism of that Hsp70 overexpression can retard progression of action remains unclear, because the abrogation of toxicity polyglutamine-induced disease in the R6 / 2 transgenic was not accompanied by a reduced formation of protein model of HD. In contrast, several earlier in vitro studies aggregates in many of the models studied. have provided evidence that overexpression of different
In view of the results of previous studies suggesting that heat shock protein family members significantl abrogate heat shock proteins might take the role of guardians, other forms of polyglutamine-mediated toxicity, and in protecting cells from toxicity due to mutant huntingtin, it is some cases reduce the formation of aggregates of misinteresting to speculate why Hsp70 overexpression did not folded proteins [4, 6, 8, 20, 25, 26, 29, 36, 50] . When comparing reduce HD pathology in our mouse model. The protective these results with those of the present study, it is necessary effects of Hsp70 may rely on an intricate balance between to consider the class of heat shock protein overexpressed, protein refolding and aggregate formation, where over- expression of Hsp70 can delay polyglutamine pathology levels of mutant proteins; their rates of processing; and only up to a certain point. The relative efficac of Hsp70 abilities to interact with other proteins, rather than a may also depend on the level of expression of the mutant principle difference in the role of Hsp70 in the two protein, the size of the polyglutamine tract and the protein settings. As mentioned earlier, with age there was a context in which it is expressed. The R6 / 2 model of HD gradual reduction in cytoplasmic levels of Hsp70 derived expresses the N-terminal part of mutant huntingtin with from the transgene and there was a marked recruitment of around 150 glutamine residues, and is known to exhibit the protein into aggregates by 11 weeks of age. However, neuronal nuclear inclusions relatively early, maybe bethis is unlikely to explain the relatively mild effects of cause the truncated protein does not require further Hsp70 overexpression in R6 / 2 mice, as already at 7 weeks proteolytic cleavage [11, 28] . In contrast, the SCA1 model of age, when the Hsp70 still is largely cytoplasmic, there is employed by Cummings and coworkers expresses the full no major effect on the disease phenotype (paw clasping, length mutant ataxin-1 with only 82 CAG repeats. Thus, brain and body weight). the discrepancy in the magnitude of observed effects of Some studies suggest that overexpression of Hsp70 Hsp70 overexpression in these two transgenic models of alone is not effective without correspondingly high levels polyglutamine disease may well be related to differences in of its cochaperone Hsp40. Normally, the binding of Hsp70 glutamine stretches [25, 29] . Therefore, it would be inter- R6 / 2 mice.
[9] C.J. Cummings, E. Reinstein, Y. Sun, B. Antalffy, Y. Jiang, A.
In conclusion, the present study highlights that there 
A cknowledgements
Vonsattel, N. Aronin, Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain, Science 277 (1997) 
